ABSTRACT: We report the first observations of settled blue mussels Mytilus edulis L. in the high Arctic Archipelago of Svalbard for the first time since the Viking Age. A scattered population was discovered at a single site at the mouth of Isfjorden in August 2004. Our data indicate that most mussels settled there as spat in 2002, and that larvae were transported by the West Spitsbergen Current northwards from the Norwegian coast to Svalbard the same year. This extension of the blue mussels' distribution range was made possible by the unusually high northward mass transport of warm Atlantic water resulting in elevated sea-surface temperatures in the North Atlantic and along the west coast of Svalbard.
INTRODUCTION
During the last 120 000 yr world ocean temperatures have varied significantly (Rahmstorf 2002) . Since the last ice age a maximum in sea-surface temperatures (SST) peaking at around 9000 yr BP also affected the Arctic through an enhanced northward heattransportation by the Gulf Stream system (Rahmstorf 2002 , Sarnthein et al. 2003 . Distribution patterns of blue mussels Mytilus edulis L. in the high Arctic indicate that this thermophilous mollusc was abundant along the west coast of Svalbard during warm intervals (Salvigsen et al. 1992 , Salvigsen 2002 , Lønne & Nemec 2004 in the Holocene (see Fig. 1a ). Fossil records for the last ice age showed no occurrence of the blue mussels in Nordic seas, and it probably survived only south of the British Isles before spreading northwards and re-immigrating into Svalbard waters approximately 11 500 yr BP (Mangerud 1977 , Mangerud & Svendsen 1992 , Salvigsen et al. 1992 , Salvigsen 2002 ). Herein we demonstrate the linkage between the reappearance of live blue mussels in Svalbard after 1000 yr absence and oscillations in ocean climate.
Blue mussels have not been present at Svalbard for the last 1000 yr (Salvigsen 2002 , Lønne & Nemec 2004 , and not in great abundances for the last 7000 yr (Fig. 1a) . The period between 10 700 and 7700 yr BP has been identified as a Holocene thermal optimum (Duplessy et al. 2001 , Rahmstorf 2002 , Andreev et al. 2004 ) with summer SST reaching 8°C and a concomitant enhancement in the West Spitsbergen Current (Sarnthein et al. 2003) (Fig. 1b) . With regards to the well-documented distribution pattern of blue mussels during the Holocene, the discovery of a viable population in Svalbard raises important questions regarding the effects of short-term ocean climate oscillations in the high Arctic. Bearing in mind the blue mussels' sensitivity to short-term marine temperature fluctuations (Peacock 1989 , Honkoop & van der Meer 1998 , this re-appearance suggests that recent water temperatures approach those of the mediaeval warm period when Viking settlements were founded in Iceland, Greenland and Newfoundland. However, although temperatures in the world oceans has increased during the last 50 yr (Levitus et al. 2000 , Fukasawa et al. 2004 , interannual fluctuations have been pronounced (Levitus et al. 2000 , Johannessen et al. 2004 . The present study examines interannual variations in ocean temperatures and northward transport of Atlantic water have caused a northward extension of the distribution range of blue mussels.
MATERIALS AND METHODS
Currents. Transport effects in the eastern branch of the Norwegian Atlantic Current (NwAC), the Norwegian Atlantic Slope Current (NwASC) (Orvik & Niiler 2002 , Orvik & Skagseth 2003 , and further north in the West Spitsbergen Current (WSC) were studied (Fig. 1b,c) . These current systems transport Atlantic Water (AW) as an extension of the Gulf Stream system. Sarnthein et al. 2003) , and relative abundance of radiocarbon-dated blue mussels in Svalbard archipelago (data redrawn and rescaled from Salvigsen [2002] into calendar years using CALIB 5.0.1); kyr: 1000 yr. (b) Aqua Satellite (MODIS instrument) image of cumulative SST from 1 July 2002 to 31 August 2004 showing warm and saline Norwegian Atlantic Slope Current (NwASC) flowing along shelf break of Norwegian coast, and separating into North Cape Current (NCC) and West Spitsbergen Current (WSC). Svalbard (Sv); yellow square: sampling site of core used to estimate Holocene climate condition (Sarnthein et al. 2003) . (c) Blue circles: modelled transport route of NwASC-WSC water from Lofoten/Vesterålen area (69°N) to Isfjorden (78°N); green circles: transect for hydrographical measurements from 1999 to present (see AW has a salinity of > 34.90 and a temperature of > 3°C when it enters the Arctic Ocean (Swift & Aagaard 1981 . These estimates are based on water-current time series and Lagrangian drifter observations of the NwASC (Orvik & Niiler 2002 , Orvik & Skagseth 2003 , Schauer et al. 2004 . In terms of interannual variability, the annual mean mass transport of AW in the Svinøy section (ranging from approximately 62°N, 5°E to 68°N, 12°W, and used for estimation of mass transport by the NwAC) was at an absolute minimum in 2001 and increased to an absolute maximum in 2002 (Orvik & Skagseth 2003) . The estimated minimum transport time is based on current sections south and north of the presumed transport pathway of Mytilus edulis larvae, and a linear variation between a relatively strong current in the Svinøy section to a weaker current along West Spitsbergen is assumed. Also, the maximum current speeds used in our estimates are representative for winter, the current speed during summer being generally lower. Hence, a numerical model is necessary to calculate transport time in the spring and summer months.
Estimations of transport time for particles in surface layers over the same distance (approximately 1000 km) were simulated using a hydrodynamic model based on the basic Navier-Stokes equations and solved by a finite difference scheme. The model used vertical zcoordinates (i.e. each model level had a fixed thickness except for the surface level and that next to the bottom); for a detailed model description, see Støle-Hansen & Slagstad (1991) , Slagstad & McClimans (in press) . The large-scale North Atlantic circulation pattern interacts with local physical forcing (wind, water density and local topography) to produce the hydrodynamics in this region. A high-resolution model is necessary to resolve important features such as eddies or the meandering Polar Front, and thus a nested model was applied. A large-scale model encompassing the Nordic Seas was established with a horizontal gridpoint distance of 50 km. This model produced the boundary conditions for a regional model with a grid resolution of 20 km which, in turn, produced boundary conditions for a model domain covering the Barents Sea and NE Norwegian Sea; this model had a horizontal resolution of 4 km. Coupling of models was achieved by a flow-relaxation scheme (Martinsen & Engedahl 1987) .
The advection scheme used for particles followed the 4th-order Runge-Kutta method with a time step of 6 min, whereby particles started their drift from release sites on the shelf outside Andøya.
Temperature data 
RESULTS AND DISCUSSION

Mytilus edulis population
The population of blue mussels was discovered in August 2004 SE of the rocky islet Sagaskjaeret, Isfjorden ( Fig. 1c ) at 4 to 7 m depth. The site was close to an area containing abundant remains of Holocene blue mussels, some of which were radiocarbon-dated tõ 7200 yr BP (Fig. 2) , and it was characterised by an uneven distribution of mussels (~0.5 individuals m -2 ). Of these, 11 specimens were haphazardly collected, ranging from 2.7 to 5.5 cm in length, most specimens being 2.7 to 3.4 cm. Our data indicate that a seeding stock of blue mussel larvae, originating from the Norwegian coast, was transported by the WSC, settled at the mouth of Isfjorden, and eventually established a viable population (see next subsection and Fig. 1b,c) .
Origin of blue mussel population
The western coast of Spitsbergen has been relatively intensively sampled during the last 30 yr (e.g. Rozycki 1987 , Palerud et al. 2004 . Sagaskjaeret in particular has been used as a regular sampling locality by scientific divers from UNIS over the last decade. Thus, based on the long record of no observations of blue mussels at Svalbard, it is reasonable to assume that the species has recently extended its distribution range northwards. There are 3 means of transportation that could have brought blue mussels to Svalbard: flotsam (adult specimens attached to a floating substrate), ballast water, or ocean currents. The first of these is unlikely, as the new population was relatively large, homogeneous and widespread around Sagaskjaeret. If drifting had been the means of transport, this would probably have resulted in a very small and heterogeneous group of specimens in one small defined area. The ballast water released at the 2 ports in Isfjorden (Barentsburg and Longyearbyen) consists strictly of offshore surface water from approx. 70°N latitude, and as the density of blue mussel larvae in offshore waters must necessarily be very low, it is unlikely to have enabled the establishment of such a numerous and homogenous population as that at Sagaskjaeret. In addition, ballast water is released in the ports (local environmental guidelines and local governmental authorities, pers comm.), which are far distant from Sagaskjaeret. Thus, northward transportation of blue mussel larvae by the NwAC is the most logical dispersal route.
Based on both their size and the absence of spat and fully developed specimens in exposed areas of Sagaskjaeret, all observed mussels must be older than 1 yr and thus also have survived at least 1 winter. The absence of spat from August to September 2004, during 2 site examinations by SCUBA diving, indicates a lack of both local reproduction and transport of larvae in 2004. Furthermore, all mussels found were partly covered with coarse sediments, well-protected from ice-scouring in leads or cracks in the bedrock. The lack of blue mussel spat and fully developed specimens in exposed areas or in the intertidal zone, is primarily related to ice-scouring at 0 to 4 m depth (no perennial kelp forest at < 4 m depth). The largest mussel (5.5 cm) had well-developed gonads, and both valves were overgrown with bryozoans and cirripedes, indicating that it was at least 1 yr older than the other specimens, which bore very little epifauna. Gonad development in this species has been shown to be either delayed or to cease completely in water temperatures below 7°C (Honkoop & van der Meer 1998) . A recent study in Iceland (Thorarinsdóttir & Gunnarson 2003) , however, reported continuous although strongly delayed gonad development in Mytilus edulis at temperatures approaching 0°C. The developed gonads and epifauna on the largest (oldest) specimen in the present study suggest that settlement of mussels at Sagaskjaeret occurred on at least 2 different occasions.
Transportation of larvae
Mass transport of Atlantic Water
The NwASC is at its shortest distance (Orvik & Niiler 2002 , Orvik & Skagseth 2003 from the Norwegian coastline around Andøya at 69°N. North of this site the NwASC divides (Fig. 1b) into the North Cape Current (NCC) and the WSC, leading into the Barents Sea and (Fig. 1c) . Larvae originating further north would be transported into the Barents Sea and not northwards to Svalbard (Fig. 1c) . Further south, the transport time would gradually increase. The total duration of the pelagic larval stages (trochophore, veliger and pediveliger larvae) is usually around 30 to 35 d, but may be extended in suboptimal (e.g. low temperature) conditions (Bayne 1965 (Bayne , 1976 . Thus, our estimated minimum transport time of 32 to 38 d corresponds to the lifespan of blue mussel larvae. These estimations, however, only take into account transport in deeper layers (typically 100 to 200 m), and are thus not directly relevant for the potential transport of blue mussel larvae between the Norwegian mainland and Svalbard. Although there are few data on the transport depths of Mytilus larvae (but see e.g. Bayne 1964), it is reasonable to assume that such transport is largely confined to surface layers. Surface-layer transport is, however, typically slow and could require up to 3 to 4 mo for the same distance (next section).
Transport in surface layers
To evaluate the possibility of surface-layer transport, we simulated the transport of larvae between Andøya and Svalbard using a previously developed model (Fig. 3) for the area in question (Støle-Hansen & Slagstad 1991, Slagstad & McClimans in press ). In general, current speeds in surface layers are faster from April to June than in July and August. In our model, larvae released late in June 2002 and 2003 generally failed to reach Svalbard until late September, a period significantly exceeding the longevity of blue mussel larvae. Earlier in the year, however, transport times were much shorter (Fig. 3b,c) Spawning of blue mussels is highly temperaturedependent and occurs typically at temperatures around 8 to 10°C (Bayne 1965 , 1976 , Hovgaard et al. 2001 , Thorarinsdóttir & Gunnarson 2003 . Based on remotely sensed monthly average SST data (MODISAqua), the western and northern coastline of Norway typically has an SST of 8 to 10°C in June. Also, SST data (Fig. 4a,c) for 2002 to 2004 clearly demonstrate that SST was significantly higher in the North Atlantic in 2002 than in the other years. Hence, it is reasonable to assume that in 2002 spawning of blue mussels may have occurred as early as late May or early June. In addition, blue mussel larvae tend to sink as a response to lower temperatures (5°C: Bayne 1964) . As larvae are transported northwards towards Svalbard, temperatures would gradually sink to this level and, as a result, larvae would possibly come into contact with the faster sub-surface currents.
Although our simulations clearly demonstrate that the transport time of particles in the surface layers between Andøya and Svalbard are usually significantly longer than the lifespan of blue mussel larvae, they also indicated that such transport may be a realistic, although extremely rare, scenario. Conditions in 2002 seem to have been most favourable in this respect.
Oceanographic conditions along the west coast of Svalbard
Isfjorden is a broad fjord with no distinct sill at its mouth, and is therefore directly linked to the shelf and slope area along West Spitsbergen where AW is guided from the WSC towards the mouth of the fjord. The WSC is considered the major pathway both for heat and water-volume export to the Arctic Ocean (Aagaard & Greisman 1975) , and the portion of the WSC flowing over the upper part of the continental slope of Spitsbergen (i.e. the warm core of the WSC) comprises the main conductor of heat into the Arctic Ocean (Gammelsrød & Rudels 1983 , Aagaard et al. 1987 , Schauer et al. 2004 , Fig. 1b) . Hydrographic measurements have been conducted every autumn along West Spitsbergen and in Isfjorden since 1999 (F. Nilsen unpubl., Fig. 1b) , and these show that 2002 was a special year during which AW managed to enter Isfjorden in the autumn (Fig. 4d -g ). The same abnormal situation in 2002 was also reported from Storfjorden (SE of Isfjorden), with AW being the dominant water mass (Skogseth et al. 2005) . The shelf areas outside Isfjorden were also flushed with AW in 2003 (Fig. 4e-h ), but these water masses did not penetrate deeply into Isfjorden. The along-shore wind component was an important factor controlling this interannual variability. During summer and early autumn, when the fjords and shelf waters have a 2-layered stratification ( Fig. 4g-i) , the normal wind direction is from S-SE. This is not a favourable direction for transporting AW onto the shelf areas, as demonstrated by a 2-layered costal upwelling model (Cushman-Roisin et al. 1994) (Fig. 5a ). However, a northerly wind along the West Spitsbergen coast (Fig. 5b) will produce an offshore Ekman drift of cold and fresh water with a compensating onshore transport of warm and saline water (AW) in the lower layer, thereby increasing the topographically steered flow of AW towards Isfjorden (confirmed by numerical model simulations using the Bergen Ocean Model, F. Nilsen unpubl.). Using hindcast wind stress data (Reistad & Iden 1998 ) from the shelf area, the wind direction was calculated during June and July for the 6 yr from 1999 to 2004. From these data, it is evident that 2002 was characterised by a northerly wind. Thus, in addition to a generally increased northward mass transport in the North Atlantic (Orvik & Skagseth 2003) in 2002, the northerly wind along western Spitsbergen further provided increased opportunities for AW, and hence also blue mussel larvae, to enter Isfjorden. The offshore transport in the surface layer ( Fig. 4g-i ) also reduces the probability of blue mussel larvae being transported to Svalbard by way of ballast water and eventually reaching and settling at Sagaskjaeret. Based on these facts, on to the interannual variations in remotely-sensed SST (Fig. 4a-c) and in situ measurements (Fig. 4d,e) west of Spitsbergen in 2002 to 2004, and on the estimated transport times for blue mussel larvae in the WSC, we thus hypothesise that the majority of blue mussels were transported as larvae in unusually warm water by the WSC from the mainland of Norway to Spitsbergen during the summer of 2002 (Fig. 4) . Settlement and growth of larvae to adult mussels at Sagaskjaeret in Isfjorden was made possible by to an increased autumn SST in 2002 that also was evident in 2003 ( Fig. 4a-c 
Reliability of Mytilus edulis as temperature indicator
It has recently been argued (Feder et al. 2003 ) that the distributional patterns of Mytilus edulis and M. trossulus are not reliable indicators of temperature changes, as mussels may form refugee populations in areas with highly variable salinity conditions in order to avoid predation. We argue that salinity is not a relevant factor for the distribution of blue mussels on the Norwegian coast and Svalbard, as salinity levels here are relatively higher and more constant than in arctic Alaska. Also, most of the localities around Svalbard, where 14 C-dated blue mussels have been found, are more comparable to those at Sagaskjaeret today (Fig. 2) than to the localities where relict populations are found in Arctic Alaska today. The environmental conditions at Sagaskjaeret today are characterised by a strong and year-round influx of warm and saline modified AW from WSC, providing favourable conditions for the most important predators of blue mussels (Feder et al. 2003) . In addition, despite intensive sampling along the western coast of Spitsbergen during the last 30 yr Fig. 4(d -i) . (a) In 'normal' years with southerly wind component (black arrow), AW flowing towards Isfjorden is prevented from entering mouth of Isfjorden by front system created by inflowing AW and westwards wind-induced counterflow in sub-surface water layers (e.g . Fig. 4h) ; (b) in 2002, this front was absent, mainly due to a weak northerly wind (black arrow) component, and hence, AW were able to penetrate the mouth of Isfjorden and further into the fjord (see subsection 'Origin of blue mussel population'), no records of settled blue mussels has been obtained. Combined, these factors reduce the probability of Isfjorden having a relict population similar to those in Arctic Alaska. Hence it is highly probable that the newly established blue mussel population is a direct response to a recent increase in SST.
CONCLUSIONS
Our analyses of the physical oceanic conditions affecting the Svalbard Archipelago and the newly discovered population of blue mussels at Sagaskjaeret, Isfjorden, support the hypotheses that the population is young, predominantly established during the summer and/or autumn of 2002, and was founded by larvae transported to Spitsbergen by the WSC. The analyses further indicate that this event was made possible only through a simultaneous occurrence of a set of independent factors --increased northward mass transport of AW by the WSC, favourable wind conditions affecting the Isfjord-system and elevated SST affecting both spawning and settlement of blue mussels. Our main conclusion is, however, that increased mass transport of AW by the WSC will necessarily lead to an increased influx of temperate species to the west coast of Svalbard. Furthermore, provided that the temperature in the Arctic Ocean continues to increase, an increased number of these boreal or temperate species will also successfully establish viable populations in the high Arctic.
However, regardless of their means of transportation, SST on the west coast of Svalbard has for the last 2 to 3 yr been sufficiently high to sustain survival, growth and gonad production of blue mussels.
